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The paracellular permeability of opossum kidney cells, a proxi- seen in diseases such as acute renal failure [3]. The under-
mal tubule cell line. standing of proximal tubule paracellular permeability,
Background. The regulation of the unusually leaky paracel- however, has been rather limited [1], partially becauselular pathway of the proximal tubule is poorly understood
of the lack of an appropriate in vitro cell model.partially because of the lack of an appropriate in vitro cell
The paracellular pathway of the proximal tubulemodel. In this study, we determined whether the paracellular
permeability of opossum kidney (OK) cells would resemble shares some common characteristics with other epithelia,
that of the in vivo proximal tubule epithelium. such as being gated by tight junctions. On the other hand,
Methods. The parental and subclonal OK cells and, for com- it also possesses unique properties distinct from otherparison, LLC-PK1 cells were cultured on permeable Transwell epithelia, especially from other nephron segments. Onesupports. The apparent paracellular permeability coefficient
of the most striking characteristics of the paracellular(Papp) for the extracellular marker 3H-mannitol was determined.
Results. The Papp of OK cell sheets (12.17 31026 cm/sec) was pathway of the proximal tubule is its unusual leakiness.
remarkably close to the previously reported Papp of rat proximal The transepithelial electrical resistance (TER), a mea-
tubules. The Papp of LLC-PK1 cells, another proximal tubule surement inversely correlating with the paracellular per-cell line, however, was approximately 20-fold lower than that
meability, of the in vivo proximal tubule was reportedof both OK cells and the in vivo proximal tubule. Phorbol 12-
to be 5.6 to 11.6 Vcm2 in several different species [4–6],myristate 13-acetate, a protein kinase C activator, enhanced
the Papp of OK cell sheets. The characteristic response of para- whereas the TER of the distal tubule is two orders of
cellular permeability to Ca21 switch was demonstrated in OK magnitude higher [7]. An in vitro cell model could be
cell sheets. Slight variations of Papp among several OK subclones appropriate for studying the paracellular permeabilitywere observed. Basal to apical Papp was uniformly higher than of the proximal tubule only if it possesses a similarlyapical to basal Papp, independent of cell subtype. This rectifica-
leaky paracellular pathway.tion was attenuated by inhibition of active transport.
Conclusions. OK cell sheets cultured on Transwell supports In this study, we investigated and compared two estab-
possess a leaky paracellular pathway resembling that of the lished proximal tubule cell lines, opossum kidney (OK)
proximal tubule epithelium in vivo. cells and LLC-PK1 cells, in terms of paracellular perme-
ability. We found that the paracellular permeability of
OK cells, but not LLC-PK1, remarkably resembled thatThe proximal tubule reabsorbs approximately 60% of of the in vivo proximal tubule. Several important proper-
the fluid and a large portion of the solutes filtered by the ties of the paracellular permeability of OK cells were
glomeruli. In addition to the much studied transcellular also characterized.
pathway, a substantial amount of fluid and solute can
also be transported via the paracellular pathway [1]. Pre-
METHODSvious in vivo studies in our and other investigators’ labo-
ratories have demonstrated that the paracellular trans- Cell culture
port in the proximal tubule is under dynamic regulation Opossum kidney and LLC-PK1 cells were originally[2] and may be directly involved in the functional changes obtained from the American Type Culture Collection
(ATCC; Rockville, MD, USA). OK subclones were
kindly provided by Dr. Leonard Forte (University ofKey words: epithelium, cellular modeling, transcellular pathway, tight
junction, nephron, LLC-PK1 cell line. Missouri). Cells were maintained in a 1:1 mixture of
Dulbecco’s modified Eagle’s medium (DMEM) andReceived for publication May 5, 1998
Ham’s F-12 nutrient mixture supplemented with 10%and in revised form June 9, 1999
Accepted for publication August 3, 1999 fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml
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378C. Cells were subcultured when they reached conflu-
ence by incubation with 0.25% trypsin-0.02% ethylenedi-
aminetetraacetic acid (EDTA). For paracellular trans-
port studies, confluent cells were trypsinized and seeded
on the inserts (0.4 mm pore size, 1 cm2 growth area) of
the permeable Transwell supports.
Apparent paracellular permeability
coefficient measurement
The paracellular permeability coefficient (Papp) for
d-mannitol, a hydrophilic and neutral extracellular fluid
marker, was measured in a transport medium containing
(in mm) NaCl 112, KCl 4.5, NaH2PO4 1, NaHCO3 25,
CaCl2 1.8, MgSO4 0.5, d-glucose 5, and HEPES 10 (pH
7.4). When the Papp was measured in Na1-free medium,
NaCl, NaH2PO4, and NaHCO3 in transport medium were
equimolarly replaced with choline chloride, KH2PO4, and
choline bicarbonate, respectively. One mCi/ml of 3H- Fig. 1. Changes of paracellular permeability after seeding. Cells were
seeded on permeable Transwell supports at the indicated densities,mannitol was included in the donor chamber. After incu-
and the paracellular permeability coefficient (Papp) for 3H-mannitol wasbation for 5 to 30 minutes, depending on the experimen-
measured at 6, 10, 24, and 48 hours and then every other day after
tal conditions, duplicate samples were taken from the seeding. The measurements were performed at 228C (N 5 at least 4
for each time point). Symbols are: (d) OK, 5.0 3 105/cm2; (s) OK,receiver chamber, and the radioactivity was counted using
2.5 3 105/cm2; (.) LLC-PK1, 2.5 3 105/cm2.a scintillation counter (Beckman LS 6000SC). The Papp
was then calculated as Papp (cm/sec) 5 [CR/CD/t(min)] 3
VR(ml)/[A(cm2) 3 60], where CR was the final 3H-manni-
tol concentration in the receiver chamber, CD was the divided into several experiments with each one done in
initial 3H-mannitol concentration in the donor chamber, duplicate or triplicate. Paired t-test, unpaired t-test, or
t was the incubation time, VB was the volume of transport one-way analysis of variance followed by the Student–
medium in the basal chamber, and A was the surface Newman–Keuls test were used when appropriate. A P
area of cell sheet, which was 1 cm2 in our studies. value of less than 0.05 was considered statistically sig-
nificant.Na1 uptake assay
Na1 uptake assay was performed as described [8] with
minor modifications. NH41-loading medium contained RESULTS
(in mm) choline chloride 80, KCl 5.4, CaCl2 1.8, MgSO4 Paracellular permeability coefficient of OK and
0.8, d-glucose 5, HEPES 25, and NH4Cl 50 [pH adjusted LLC-PK1 cells and its change
to 7.4 with Tris (hydroxymethyl) amino methane]. Na1 with time after seeding
uptake medium contained (in mm) choline chloride 130,
As shown in Figure 1, when OK cells were seeded onKCl 5.4, CaCl2 1.8, MgSO4 0.8, d-glucose 5, HEPES 25,
permeable supports at a density of 2.5 3 105/cm2 and theNaCl 15, pH 7.4. One mm ouabain was included in the
Papp for 3H-mannitol was measured in the apical to basalbasal chamber, whereas 0.2 mCi/ml 22Na with or without
direction at room temperature (228C), the Papp decreased10 mm 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) was in-
with time, reached 7,8 3 1026 cm/sec four to six dayscluded in the apical chamber. After stopping the uptake,
after seeding and remained at this level. At this time,the cell sheets were cut out together with the permeable
the Papp of OK cell sheets was 12.17 6 0.86 3 1026 cm/support and counted with a scintillation counter.
sec when measured at 378C (N 5 6). When the seeding
Materials density was increased to 5.0 3 105/cm2, the change of
Papp with time followed a similar pattern. When the Papp3H-mannitol and cell culture medium were from Sigma
of LLC-PK1 cells seeded at 2.5 3 105/cm2 was measured,Chemical (St. Louis, MO, USA). 22Na was from NEN
a much sharper drop of Papp was observed during theLife Science (Boston, MA, USA). Transwells and other
first two days after seeding. The stable level of the Pappplastic cell culture supplies were from Corning Costar
for 3H-mannitol of LLC-PK1 cells was approximately(Cambridge, MA, USA).
0.2 3 1026 cm/sec at 228C and was 0.47 6 0.06 3 1026
Statistics cm/sec (N 5 6) at 378C. Because the Papp of OK cells
appeared to be much closer to that measured in in vivoData are shown as means 6 sem. The N values shown
represent the number of separate cell sheets that were proximal tubules, we focused more on OK cells while
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Fig. 2. Effect of phorbol 12-myristate 13-acetate (PMA) on the Papp
Fig. 3. Response of the Papp of OK cell sheets to Ca21 switch. Ca21of OK and LLC-PK1 cells. Cells on Transwell supports were incubated
switch was performed as described in the Methods section. The Papp forin the regular cell culture incubator with culture medium containing
3H-mannitol was measured at 378C. Ca21 free 5 PBSA/1 mm EDTA0.1 mm PMA for the indicated time before the Papp for 3H-mannitol was
for one hour; Ca21 restoration 5 returned to transport medium (con-measured at 378C. Symbols are: (h) control; ( ) PMA 0.1 mm, 1.5 hr;
taining 1.8 mm Ca21) for five hours (N 5 4 to 6).( ) PMA 0.1 mm, 5 hr; *P , 0.05 vs. control; #P , 0.05 vs. 1.5 hours
(N 5 5 for OK cells and 4 for LLC-PK1 cells).
Table 1. Bi-directional Papp (31026 cm/sec) of opossum kidney (OK)
cell and OK sub-clones cultured on permeable supports (N 5 8)using LLC-PK1 cells as a comparison when appropriate.
In the following studies, cells were used when the Papp Apical to basal Basal to apical
reached the stable level.
OK 14.7860.43b 20.7160.84a
In spite of the relatively high permeability, the OK OK-E 10.7360.53 19.12 61.25a
OK-B 9.9860.46 16.3760.72acell sheets were intact as indicated by measuring the
OK-P 12.5660.37c 23.0662.00amovement of horseradish peroxidase (HRP) across the
OK-H 9.0560.51 18.3461.08acell sheets. Fifty mg/ml HRP were included in the culture Supports 46.1761.83 55.45 60.91a
medium in the basal chamber. After six hours of incuba- a P , 0.05 vs. apical to basal
tion, only 0.58 6 0.20% (N 5 5) of HRP appeared in b P , 0.05 vs. OK-E, OK-B, OK-P, and OK-H
c P , 0.05 vs. OK, OK-E, OK-B, and OK-Hthe apical chamber. HRP was measured as described [9]
with minor modifications.
Effect of phorbol 12-myristate 13-acetate on the Papp
structure. Indeed, incubating the OK cell sheets in phos-
In a series of previous studies, activation of protein phate-buffered saline (PBS) without Ca21 and Mg21
kinase C (PKC) was found to enhance dramatically the (PBSA) with 1 mm EDTA for one hour (Ca21-free)
paracellular permeability of LLC-PK1 cell sheets [10–12]. caused the Papp of OK cell sheets to increase from 11.67 6As depicted in Figure 2, incubation with 0.1 mm phorbol
0.41 3 1026 cm/sec to 37.42 6 1.05 3 1026 cm/sec (N 512-myristate 13-acetate (PMA) for 1.5 hours did substan-
4, P , 0.001; Fig. 3). Under the light microscope, OKtially increase the Papp of LLC-PK1 cell sheets 17-fold cells after this maneuver appeared to round up and sepa-from 0.52 6 0.07 3 1026 cm/sec to 8.06 6 0.54 3 1026
rate from each other, although they remained attachedcm/sec (N 5 4, P , 0.05). Increasing the incubation time
to the permeable supports. After replacing the Ca21-freeto five hours further enhanced the Papp to 10.90 6 0.26 3
medium with transport medium containing 1.8 mm Ca211026 cm/sec (N 5 4, P , 0.05 vs. control or 1.5 hr).
for five hours (Ca21 restoration), the Papp recovered toIncubation of OK cells with PMA at the same concentra-
a value close to the control (Fig. 3).tion for 1.5 hours did not change the Papp (12.40 6 0.39 3
1026 cm/sec vs. 11.76 6 0.19 3 1026 cm/sec, N 5 5, P .
Opossum kidney cell sub-clones0.05). When the incubation time was increased to five
Several OK sub-clones with higher morphology homo-hours, the Papp of OK cells was significantly increased to
geneity have been established [13]. The Papp of parental15.63 6 1.27 3 1026 cm/sec (N 5 5, P , 0.05 vs. control
OK cells and several OK sub-clones cultured on Transwellor 1.5 hr).
supports is in the same range and all close to that of
Response of the Papp of OK cells to Ca21 switch proximal tubule in vivo, although statistically significant
variations of Papp among different subtypes were ob-It is well-established that a normal extracellular Ca21
concentration is required to maintain the tight junction served (Table 1).
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Table 3. Opossum kidney (OK), but not LLC-PK1, cell sheetsTable 2. Effects of Na1-removal, temperature, and 5-(N-ethyl-N-
isopropyl)-amiloride (EIPA) on the Papp (31026 cm/sec) possess a leaky paracellular pathway resembling that of
the in vivo proximal tubuleof OK cells (N 5 6)
Apical to basal Basal to apical Db Papp for mannitol TER
31026 cm/sec Vcm2
Control 12.1760.86 20.2061.09 8.0361.61
Na1-free 13.6160.59 15.6760.51a 2.0660.74a In vivo proximal tubule (rat) 8.70 [15a] 5.6,11.6 [7]
OK cell sheets 12.17 5,101 [16]228C 9.8960.64 14.0861.52a 4.1961.05a
10 mm EIPA 13.5161.32 19.5560.90 6.0461.81 LLC-PK1 cell sheets 0.47 100,200 [17]
a P , 0.05 vs. control Abbreviations are: Papp, apparent paracellular permeability coefficient; TER,
transepithelial electrical resistance.b D 5 (basal to apical) – (apical to basal)
a see References
Bidirectional measurements of Papp and the effect of OK cell sheets increased in response to a Ca21-free me-transcellular transport inhibitions
dium and recovered in a medium containing a normal
As shown in Table 1, for all OK cell subtypes tested, concentration of Ca21, which confirms that the intercellu-
the basal to apical Papp was uniformly higher than apical lar junctions of OK cells share the common response of
to basal Papp. Inhibition of transcellular transport by ei- epithelial intercellular junctions to Ca21 switch.
ther removing Na1 from transport medium (Na1-free), Phorbol 12-myristate 13-acetate (PMA), which has
lowering temperature to 228C, or the presence of 10 mm been shown to increase the paracellular permeability
EIPA, a Na1/H1 exchanger inhibitor, did not signifi- of LLC-PK1 cells through activation of PKCa [12], also
cantly alter the unidirectional apical to basal Papp, al- increased the Papp of OK cell sheets. Compared with
though a tendency for changes appeared to exist. Ten LLC-PK1 cells, however, a longer incubation time was
mm EIPA decreased Na1 uptake from 4.59 6 0.49 nmol/ required to observe this effect. This might be due to the
min/cm2 to 0.96 6 0.34 nmol/min/cm2 (N 5 8, P , 0.05). higher basal Papp level in OK cells compared with LLC-
Importantly, these maneuvers significantly attenuated or PK1 cells or the existence of intrinsic differences between
tended to attenuate the difference between bidirectional the regulation of tight junctions in OK and LLC-PK1
measurements (Table 2). cells.
The Papp of parental OK cells and various OK sub-
clones is all close to that of the proximal tubule in vivoDISCUSSION
and much higher than that of LLC-PK1 cells. The differ-
The results of this study demonstrate that the Papp for ences among OK sublines are slight, but significant. This
the extracellular marker, d-mannitol, of OK cell sheets may be caused by different degrees of homogeneity or
cultured on permeable Transwell supports were remark- other intrinsic properties of these sub-clones.
ably similar to the reported Papp value for mannitol in Another significant observation in this study is the
the in vivo rat proximal tubule (12.17 3 1026 cm/sec in rectification of Papp. Basal to apical Papp was consistently
OK cells vs. 8.7 3 1026 cm/sec in the in vivo rat proximal higher than apical to basal Papp in all OK cell lines tested.
tubule) [14]. Alternatively, the Papp of the LLC-PK1 prox- Although the basal to apical Papp of supports alone was
imal tubular cell line was approximately 20-fold lower also higher than the apical to basal Papp, two observations
than both the in vivo proximal tubule and the OK cells. strongly indicate that the rectification of Papp observed
These data of Papp are also in good agreement with the in the presence of cell sheets was at least partially intrin-
previous TER measurements showing that the TER of sic to cell sheets per se. First, the basal to apical Papp of
OK cells [15] was remarkably similar to the TER reported supports was approximately 20% higher than the apical
for the in vivo proximal tubule [4–6], whereas the TER to basal Papp, whereas the difference ranges from 40%
of LLC-PK1 cells was much higher [16] (Table 3). to more than 100% in the presence of cell sheets. Second,
The OK cell line has been used extensively for the inhibition of transcellular transport attenuated this recti-
study of phosphate transport due to its responsiveness fication.
to parathyroid hormone (PTH) [17]. In addition to PTH- Simple diffusion, as a component of paracellular solute
sensitive phosphate transport, OK cells also mimic the flux, will result in equal bidirectional apparent perme-
renal proximal tubular epithelial cells in a variety of ability. However, in addition, water flux through the
ways [18], including the formation of tight junctions [17]. paracellular pathway could alter solute flux through the
When cultured on permeable supports, OK cell sheets solvent drag mechanism [22, 23]. In an in vivo microper-
have been shown to have polarized phosphate transport fusion study performed in rat proximal tubules, Whit-
[19, 20] and polarized distributions of Na1/H1 ex- tembury et al found that the major portion of paracellu-
changers [21] and Na1,K1-ATPase [19]. Furthermore, lar solute flux was due to solvent drag rather than
diffusion, and the paracellular solute flux was a functionas shown in this study, the paracellular permeability of
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D, Alfrey E, Myers BD: Backleak, tight junctions, and cell-cellof fluid reabsorption [23]. This is in agreement with our
adhesion in postischemic injury to the renal allograft. J Clin Invest
data showing that inhibition of transcellular transport 101:2054–2064, 1998
4. Boulpaep EL, Seely JF: Electrophysiology of proximal and distalattenuated the rectification of paracellular flux. We spec-
tubules in the autoperfused dog kidney. Am J Physiol 221:1084–ulate that under the conditions of our in vitro experi-
1096, 1971
ments, fluid accumulates in the basal chamber because 5. Lutz MD, Cardinal J, Burg MB: Electrical resistance of renal
proximal tubule perfused in vitro. Am J Physiol 225:729–734, 1973of the transcellular transport and the lack of removing
6. Seely JF: Variation in electrical resistance along the length of ratmechanisms that are present in vivo. As a result, signifi-
proximal convoluted tubule. Am J Physiol 225:48–57, 1973
cant water backleak from the basal to apical compart- 7. Planelles G, Anagnostopoulos T: Electrophysiological proper-
ties of amphibian late distal tubule in vivo. Am J Physiol 225:F158–ment occurs, which could “drag” solutes with it and make
F166, 1988the apparent basal to apical permeability for those sol-
8. Chakraborty M, Chatterjee D, Gorelick FS, Baron R: Cell
utes appear to be higher than the apical to basal perme- cycle-dependent and kinase-specific regulation of the apical Na/H
exchanger and the Na,K-ATPase in the kidney cell line LLC-PK1ability. This could explain the rectification of Papp and
by calcitonin. Proc Natl Acad Sci USA 91:2115–2119, 1994the attenuating effect of transcellular transport inhibition 9. Hughson EJ, Hirt RP: Assessment of cell polarity, in Epithelial
on this rectification observed in this study. The lack of Cell Culture: A Practical Approach, edited by Shaw AJ, Oxford,
Oxford University Press, 1996, pp 37–67Papp rectification in some previous cell culture studies
10. Mullin JM, O’Brien TG: Effects of tumor promoters on LLC-might be due to the negligible paracellular fluid flux PK1 renal epithelial tight junctions and transepithelial fluxes. Am
in those preparations. Therefore, this study favors the J Physiol 251:C597–C602, 1986
11. Mullin JM, Soler AP, Laughlin KV, Kampherstein JA, Russonotion that paracellular solute flux can be more compli-
LM, Saladik DT, George K, Shurina RD, O’Brien TG: Chronic
cated than a simple diffusion process and may involve exposure of LLC-PK1 epithelia to the phorbol ester TPA produces
polyp-like foci with leaky tight junctions and altered protein kinasesolvent drag effects as well.
C-a expression and localization. Exp Cell Res 227:12–22, 1996In conclusion, OK cell sheets cultured on Transwell
12. Rosson D, O’Brien TG, Kampherstein JA, Szallasi Z, Bogi K,
supports possess a leaky paracellular pathway resem- Blumberg PM, Mullin JM: Protein kinase C-a activity modulates
transepithelial permeability and cell junctions in the LLC-PK1 epi-bling that of the proximal tubule epithelium in vivo.
thelial cell line. J Biol Chem 272:14950–14953, 1997The results of this study, together with the abundant 13. Cole JA, Forte LR, Krause WJ, Thorne PK: Clonal sublines
literature showing other aspects of the similarity between that are morphologically and functionally distinct from parental
OK cells. Am J Physiol 256:F672–F679, 1989OK cells and the proximal tubule epithelium, strongly
14. Preisig PA, Berry CA: Evidence for transcellular osmotic watersuggest that OK cells cultured on permeable Transwell flow in rat proximal tubules. Am J Physiol 249:F124–F131, 1985
supports may serve as a useful in vitro tool to study 15. Schwegler JS, Heuner A, Silbernagl S: Electrical properties of
cultured renal tubular cells (OK) grown in confluent sheets. Pflu¨g-the regulation of paracellular permeability of the renal
ers Arch 415:183–190, 1989proximal tubule. 16. Rabito CA: Occluding junctions in a renal cell line (LLC-PK1)
with characteristics of proximal tubular cells. Am J Physiol
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